Abstract: Densities of ionic liquid (IL) 1-octyl-3-methylimidazolium hexafluorophosphate [OMIM][PF6] at high temperatures and high pressures were measured. The measurements were made along 10 isotherms over a temperature range T = 278.15 to 413.15 K at pressures up to 140 MPa by means of an Anton Paar DMA HPM vibration tube densimeter (VTD). The combined expanded relative uncertainties of the density, pressure and temperature measurements at the 95 % confidence level with a coverage factor of k = 2 are estimated to be (0.03 to 0.08) % (depending on temperature and pressure ranges), 0.1 %, and 0.015 K, respectively. We have critically assessed all of the reported high-pressure densities for [OMIM][PF6], together with the presented results, to carefully select primary data for development of reference wide-ranging equation of state. Values of ρ -T isobars curvatures, ( 2  / T 2 )P, were estimated using the present high-pressure ρ -T measurements and they were pretty low (0.78 10 -7 to 1.50·10 -7 m 3 kg -1 K -1 ) indicating that heat capacity of [OMIM][PF6] very weakly depends on pressure, since (CP / P)T ≈ ( 2  / T 2 )P. Density data were fitted to the modified Tammann-Tait equation and multiparametric polynomial-type equation of state (EOS) for the IL was developed using the measured high-pressure and high-temperature (p, ρ, T) data. This EOS, together with our previous measured heat capacity data at atmospheric pressure, was used to calculate high-pressure and high-temperature derived thermodynamic properties, such as isothermal compressibility, isentropic compressibility, isobaric thermal expansion coefficient, heat capacities etc.
INTRODUCTION
During our continuous experimental studying of the thermodynamic (density, heat capacity, vapour pressure), acoustic (speed of sound), and transport (viscosity) properties of ILs and their mixtures with alcohols, we reported the thermophysical properties of several ILs. We have examined [ [10] [11] [12] [13] [14] , at high temperatures and pressures. Experimental density data of [OMIM] [PF6] sample at ambient pressure have been reported in our previous publication 15 . where we provided comprehensive evaluation of all reported densities and other thermodynamic properties (heat capacity, speed of sound, and viscosity) for [OMIM] [PF6] in the wide temperature range T = 278.15 to 413.15 K. In this study, high-pressure density data, (p, ρ, T) properties, for [OMIM] [PF6] were measured over a temperature range T = 278.15 to 413.15 K and at pressures up to 140 MPa. The measured (p, ρ, T) data were used to develop accurate multiparametric polynomial equation of state and calculate various thermodynamic properties of OMIM][PF6], such as adiabatic coefficient of bulk compressibility, isothermal coefficient of bulk compressibility, thermal expansion coefficient, thermal pressure coefficient, internal pressure, enthalpy difference, entropy difference, isochoric heat capacity, isobaric heat capacity, and speed of sound. The present results complement previous high-pressure (p, ρ, T) measurements for [OMIM] [PF6] and they are good contribution to the field, i.e., expanding of the available data base for [OMIM] [PF6] (Supplementarmaterial , Table SI ). Literature survey revealed that very restricted high-pressure and high-temperature (p,ρ,T) data were reported for [OMIM] [PF6]. Namely, only six data sources [16] [17] [18] [19] [20] [21] for the high-pressure density of [OMIM] [PF6] were found in the literature (Table SI) , and one of them, Harris et al. 21 , reported data calculated using densities measured at atmospheric pressure. Density measurements for [OMIM] [PF6] at temperatures below T = 293.15 K are given for the first time in this work. The literature search was based on the SciFinder and TRC/NIST archive 22 . Mentioned papers are listed in Table SI (Supplementary material) together with the method employed, uncertainty of the measurements, purity of the samples, and the temperature and pressure ranges. The quoted uncertainties of the reported density data at high pressures are within ∆ρ/ρ = ±0.05 to ±1.3 %. The reported experimental data sets cover temperature range T = 293.15 to 473.15 K and pressures up to p = 204 MPa and were measured using various methods such as bellows dilatometer 16 , ultrahigh-pressure density apparatus 17 , glass piezometer 18 , and VTD (DMA 512P) 19 . The reported high-pressure (p, ρ, T) data for [OMIM] [PF6] [16] [17] [18] [19] [20] [21] were correlated using the Tait -type EOS.
O n L i n e F i r s t EXPERIMENTAL

Material
The IL sample 1-octyl-3-methylimidazolium hexafluorophosphate, [OMIM] [PF6], (Chemical formula: C12H23N2F6P; product number IL-0020-HP-0100; CAS: 304680-36-2) used in this work was supplied by Iolitech GmbH, Germany. The supplier reported its purity assay (NMR)>0.99 mass fraction. Before use, the IL sample was degassed under vacuum and dried at about T = 423.15 K for a minimum period of 48 h. Water content was determined using Karl Fischer titration and found to be less than 227 ppm.
High-pressure density measurements
Density of [OMIM] [PF6] as a function of temperature and pressure was measured using a modernized high-pressure and high-temperature Anton Paar DMA HPM vibration tube densimeter (VTD) 9, [23] [24] . The apparatus and the experimental method (the physical basis and theory of the method, procedures, uncertainty assessment) were successfully employed and described in details previously 3, 6, 9, 10, 13, [23] [24] [25] [26] for measurements of the densities of ILs, ILs containing binary mixtures, ocean and geothermal waters at high temperatures and high pressures, so only a brief review will be given here. The temperature in the measuring cell, where the U-tube is located, was controlled using a thermostat (F32 -ME Julabo, Germany) within 0.01 K and was measured with the (ITS-90) Pt100 thermometer (Type 2141) with an expanded absolute uncertainty of 0.015 K. Pressure was measured using transmitters P-30 (max. pressure 2.5 and 25 bar), P-10 (max. pressure 1000 bar), all with an expanded relative uncertainty of 0.1 %, and HP-1 (max. pressure 1600 bar) with an expanded relative uncertainty of 0.5 %. The mPDS2000V3 control unit measures the vibration period with an accuracy of Δτ = ±0.001 μs. According to the specifications of Anton Paar and calibration procedures performed in our laboratory 23 , the observed repeatability of the density measurements at temperatures T = 273.15 to 413.15 K and pressures up to p = 140 MPa is within ∆ρ = ±0.1 to ±0.3 kg m −3 . The measuring system of the DMA HPM VTD was calibrated using various standard fluids (double-distilled water, NaCl (aq), methanol, ethanol, toluene, acetone etc.) with well-known density data (REFPROP, NIST Standard Reference Database 23) 27 . During the oscillation of the measuring U-tube in DMA HPM device, the effect of damping of the oscillation has been noticed. Since density is a function of viscosity (see also [28] [29] [30] ), it has been concluded that the density values of more viscous samples measured using the described method are higher than their actual densities. Therefore, all measured density data should be corrected for the effect of viscosity on density determination with a VTD instruments 30, 31 
where ρcor is the "corrected", ρunc is the "uncorrected" densities, and η / mPa s) is the dynamic viscosity of the sample, so, the correction can easily be estimated if the sample's viscosity is known 30, 31 . All Anton Paar VTD Instruments which are used to measure the density at atmospheric pressure (DSA 5000 M, SVM 3000, DMA 5000M) automatically correct the effect of viscosity on the measured values of density. In order to apply Eq. (1) to the present density measurements at high pressures using DMA HPM densimeter, the viscosities η of the [OMIM] [PF6] at the same experimental temperatures and pressures are required. We have reported dynamic viscosity, η, of [OMIM] [PF6] measured at atmospheric pressure over the experimental temperature range from T = 270.15 to 414.15 K using an Anton Paar SVM 3000 Stabinger Viscometer (accuracy of viscosity measurements according the manufacturer's O n L i n e F i r s t instructions is  0.35 %) and Anton Paar Rheometer MCR 302. 8 High-pressure viscosity data, needed to estimate high-pressure corrections to the measured densities of [OMIM] [PF6], were taken from Tomida et al. 18 and Harris et al. 21 . In the present experimental temperature and pressure ranges the relative percentage deviations between the "corrected" densities and the "uncorrected" values, calculated from Eq. (1) vary from 0.01 % at high temperatures (at 413.15 K) to 1.01 % (at low temperatures 275.15 K and high-pressures 140 MPa). It is apparent that increasing the pressure and lowering the temperature leads to increase in the viscosity and, therefore, to higher corrections of the measured densities.
The uncertainties of temperature and pressure measurements, as well as density correction due to damping effect, were taken into account and the estimated expanded relative uncertainty of the experimental density data reported here is within ∆ρ/ρ = 0.03 to 0.08 % (depending on pressure and temperature), at a 95 % confidence level, a coverage factor k = 2.
In order to verify the reliability of the measured densities for [OMIM] [PF6] and correctness of the calibration procedure of the high-pressure and high-temperature DMA HPM VTD, the densities of the same IL sample at atmospheric pressure were measured using various Anton Paar densimeters: DMA 5000, DMA 4500, SVM 3000, and DSA 5000M 15 Table I . The expected behaviour can be noticed, density increases when pressure goes up and decreases with increase in temperature (Fig. S1 ). 
Density correlation
This EOS was successfully used for accurate representation of the experimental high-pressure and high-temperature (p, ρ, T) data for various pure liquids, binary mixtures and sea water in the liquid phase [23] [24] [25] [26] [33] [34] [35] . The theoretical bases of the EOS Eq. (2) 43 , similar to most studied liquids 23, [33] [34] [35] . The coefficients ai, bi, ci were determined by least-squares method and are given in Table II 
We have critically assessed all of the reported [16] [17] [18] [19] [20] [21] and the present highpressure density data for [OMIM] [PF6] for their agreement and consistence. All previously reported Tait-type EOS [16] [17] [18] [19] [20] [21] were fitted to authors' own experimental data only. Therefore, these EOS are based on the restricted data and cover very limited temperature and pressure ranges. In most cases the direct comparison of the present results and other reported data is somewhat inconvenient because of experimental temperature differences between the various data sources. The best way to compare such data is using the correlation or EOS. For this purposes the present high-pressure density data and other reported data [16] [17] [18] [19] [20] [21] (Table SI) were compared with the values calculated from wide-ranged Tait-type EOS by Taguchi et al. 16 The direct comparison of the present high-pressure results for
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and the values calculated from EOS by Taguchi et al. 16 showed that the values of calculated densities are systematically lower than experimental results by AAD=0.09 %. The results of the detailed quantitative comparisons, deviation statistics for the present and each reported data source, are given in Table III . 
where C is temperature independent parameter while parameter B(T) depends on temperature as follows: 
In Eqs. (4)- (6) ai, bi and C are adjustable parameters and they were optimized using standard deviation as the objective function. First, parameters ai were obtained by fitting density data at p ref (0.1 MPa), and, further, parameters bi and C were gained in the correlation of the entire density data set by Eq. (4). Parameters of the modified Tammann-Tait equation, as well as deviations criteria between measured and calculated densities are presented in Table IV . The average absolute percentage deviation, AAD, of 0.014 % between measured and calculated densities confirmed the accuracy of the chosen correlation method. . The agreement of experimentally determined densities and values calculated using the multiparametric polynomial EOS and modified Tammann-Tait equation is presented in Fig. S2 , while the deviations between the high-pressure data reported in literature [16] [17] [18] [19] [20] [21] and the values calculated from multiparametric polynomial EOS Eq. (2) are depicted in Fig. 2 . The percentage average absolute deviations between the values calculated using Eq. (2) and reported data sources are: 0.09 19 , 0.13 16 , 0.15 20 , 0.05 21 , 1.12 % 17 . As one can see, the agreement is within the experimental uncertainties, except the data reported by Gu and Brennecke 17 . As Fig. 2 shows, the density data reported by Gu et al. 17 systematically deviate from all other reported data by about 1.0 %. In most cases the deviations between the various data sources are O n L i n e F i r s t systematical (Table III) AAD and Bias are very close, although within their experimental uncertainties. The reason for systematic deviations could be difference in water contents or incorrect calibration of the instrument, i. e. incorrect reference data (or reference fluid) used for the calibration.
Derived volumetric properties
The modelling of high pressure densitiese, using Eqs. (2) and (4), enabled calculation of derived volumetric properties. The multiparametric polynomialtype EOS (Eq,(2)) was used to calculate various thermodynamic properties, such as isothermal compressibility, thermal expansion coefficient, thermal pressure coefficient, internal pressure, isochoric heat capacity, isobaric heat capacity, speed of sound, isentropic exponent of [OMIM] [PF6] over the experimental temperature range T = 278.15 to 413.15 K and at pressures p = 0.101 to 140 MPa using well-known thermodynamic relations 44 (Supplementary material, Table  SII ). Our previous heat capacity measurements at atmospheric pressure [15] have been used as a reference data to calculate high -pressure heat capacities using equation of state Eq. (2). The present heat capacity data calculated from EOS Eq. The optimized parameters of the modified Tammann-Tait equation were, also, used for calculation of derived volumetric properties isothermal compressibility and isobaric thermal expansivity (Eqs. (7) and (8)) and obtained results are presented in Figure 3 
O n L i n e F i r s t
The isothermal compressibility, κT, of the examined ionic liquid shows behaviour characteristic for this property, it decreases with temperature drop at constant pressure and decreases along isotherms when pressure goes up. The influence of pressure on density is higher at higher temperatures and a bit more noticeable at lower pressures close to atmospheric. On the other hand, behaviour of the isobaric thermal expansivity, αp, is not really typical for this property but it is quite common for ionic liquids 45, 46 . It goes down along isotherms when pressure increases and rises with temperature drop at constant pressure. to 1.50 10 -7 m 3 kg -1 K -1 . Experimentally determined density values were fitted to the modified Tammann-Tait equation and obtained parameters were used for calculation of isothermal compressibility and isobaric thermal expansivity. While κT showed characteristic changes as response to temperature and pressure changes, behaviour of αp wasn't typical for this property but similar dependence on temperature and pressure has been noticed for other ionic liquids.
Based on the present measurements, multiparametric polynomial type EOS was developed for the (p,ρ,T) surface of liquid [OMIM] [PF6]. Developed EOS represents the present density measurements in the whole experimental range with an AAD of 0.005 % (standard deviation of 0.01 %). The derived EOS was used to calculate various thermodynamic properties of [OMIM] [PF6] in the experimental pressure and temperature ranges, such as adiabatic coefficient of bulk compressibility, isothermal coefficient of bulk compressibility, thermal expansion coefficient, thermal pressure coefficient, internal pressure, enthalpy difference, entropy difference, isochoric heat capacity, isobaric heat capacity, and speed of sound.
O n L i n e F i r s t SUPPLEMENTARY MATERIAL
The derived thermodynamic properties of [OMIM] [PF6] in the experimental pressure and temperature ranges are available electronically on the pages of journal website: http://www.shd.org.rs/JSCS/, or from the corresponding author on request. Table SII . Experimental values of pressure (p), density (ρ), temperature (T), calculated values of isothermal compressibility (κT), isobaric thermal expansibility (p), difference in isobaric and isochoric heat capacities (cp-cv), thermal pressure coefficient (γ), internal pressure (pint), isobaric heat capacity (cp), isochoric heat capacity (cv), speed of sound (u) and isentropic exponent (κs) of 1-octyl-3-methylimidazolium hexafluorophosphate 
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